For a 500-to-900-kW-class steady-state self-field magnetoplasmadynamic (MPD) thruster, the thermal design is conducted with a combination of magnetohydrodynamic (MHD) and thermal analyses, where a heat flux evaluated from the MHD analysis is imposed on the electrode as a boundary condition in the thermal analysis. The increase in anode-to-cathode radius ratio improves the thrust performance, but can simultaneously raise the temperature locally at the anode exit edge and the cathode tip due to the concentration of the discharge current and/or the insufficient heat removal. It is suggested, however, that a thruster without electrode melting should be realizable even at such a high input power by setting an appropriate cathode radius and enhancing heat removal from the electrodes by means of heat pipe, although the achievable performance of the thruster depends on the assumption of the temperature of cathode root.
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Introduction
Recently, many ambitious deep space missions such as explorations of the moon, asteroids, Mars and outer planets are proposed and intensively investigated. The realizations of those missions strongly depend on the feasibility of a high-power propulsion system by which payload ratio and mission time are simultaneously improved. Thus, it is an urgent issue to develop a large electric propulsion system which is available at a high input power exceeding 100 kWe and consequently exerts both high specific impulse and high thrust 1, 2) . To achieve this by the current technologies, it is needed to cluster many several-kW-level ion thrusters or Hall thrusters. Such clustering, however, leads to the increase in complexity and weight of the propulsion system. On the other hand, a magnetoplasmadynamic (MPD) thruster can be operated solely even at such high input powers and be expected to be one of the most promising candidates of a future large electric propulsion system. Although there are some different kinds of MPD thrusters, this paper focuses particularly on a steady-state self-field MPD thruster using hydrogen propellant (hereafter, simply referred to as "MPD thruster") from the viewpoint of the simple configuration and the potential in the thrust performance. Figure 1 shows the operation concept of MPD thruster. The MPD thruster generates a thrust through ionizing the propellant by a high-intensity arc discharge and accelerating it gas-dynamically and electromagnetically 3) . That is, the thrust of MPD thruster consists of two components: the gas-dynamic thrust owing to Joule heating by the discharge current and the electromagnetic thrust owing to the Lorentz force as the interaction between the discharge current and the magnetic field induced by the current. It is well known that the electromagnetic thrust needs to be dominant enough for the efficient operation of MPD thruster. Here, the theoretical value of the electromagnetic thrust is given by the following Maecker formula 
Therefore a large anode-to-cathode radius ratio (hereafter, simply referred as "radius ratio") and a large discharge current of 1 kA at least are desired. However, such a high-intensity discharge inevitably imposes a massive heat load onto the electrodes and extremely raises its temperature. If the heat removal is insufficient, the electrodes will easily melt, thus a careful thermal design is indispensable for the steady-state operation of MPD thruster. In past laboratory experiments, a water-cooling system has been utilized 5) , because it can provide large design margins. The water-cooling system, however, is not adequate to actual space use, because, in space, the heat must be removed finally by the thermal radiation into deep space. An idea of heat removal from the electrodes by a lithium heat pipe has been proposed 6) , nevertheless the establishment of the thermal design of the radiation-cooled MPD thruster is still challenging and has not been fully accomplished. Recently, it was numerically suggested that a radiation-cooled MPD thruster using argon propellant can be realizable with a thrust efficiency of 21% at 400kWe-class power input 7) . The thrust efficiency, however, is expected to be improved considerably by using hydrogen as the propellant 8, 9) . In this paper, in order to develop a 500-to-900-kWe-class radiation-cooled steady-state self-field MPD thruster using hydrogen propellant, the realizability of a thermal design is investigated by numerical simulations. Additionally, by varying the cathode radius as a design parameter, its influences on the thrust performance and the thruster temperature are examined, and a design point where the thruster exerts a preferable performance without melting of the electrodes is surveyed. Then, the limiting factors of the thruster design are identified.
Thermal Design of an MPD Thruster

Thruster head
The MPD thruster head for laboratory experiments generally consists of an anode, a cathode, a cathode holder and insulators. These components are arranged coaxially. The anode is usually located surrounding the cathode, because the heat load is higher on the anode than on the cathode, owing to electrons entering into the anode and being emitted from the cathode 10) . For the actual use in space, an anode radiator and a cathode radiator are to be added to the experimental device. Figure 2 shows a schematic view of the MPD thruster head for space use. Since the anode and the anode radiator are integrated, the anode refers to the nozzle part, and the anode radiator refers to the disk-shaped part in this paper. In this configuration, the heat load on the anode is transferred to the anode radiator by the anode heat pipes, which are arranged radially on the anode and the anode radiator, and removed from the anode radiator. Similarly, the heat load on the cathode needs to be transferred to the distant cathode radiator by cathode heat pipes, which are arranged on the cathode lateral surface, and removed from the cathode radiator. Heat regeneration to propellants could not be effective in the MPD thruster because propellant flow rates of the MPD thrusters are generally limited to a small value for the sake of their efficient operation.
Anode
The temperature of the anode is desired to be as high as possible to reduce a required radiator area because the higher radiator temperature leads to the higher radiation heat flux. Thus, as an anode material, tungsten is thought to be preferable from the viewpoint of available temperature range.
Larger anode inner radius, i.e. larger radius ratio, leads to the higher performance, but too large anode inner radius could end up with an unstable discharge due to the propellant rarefaction within the thruster, and consequently the deterioration of performance. Therefore, the anode inner Pb_21 radius is to be enlarged with keeping propellant (partially ionized) dense enough to provide a typical discharge current density (10 6 -10 7 A/m 2 ). The anode experiences an extremely high heat flux up to around 10 7 W/m 2 as will be shown later. Thus, thermal radiation (around 10 6 W/m 2 at most) from its surface is not always sufficient to prevent it from melting. In order to enhance heat removal, a liquid-metal heat pipe is utilized, because it has a high heat removal capability up to 10 7 W/m 2 11) . It is also expected that heat pipes can reduce thermal stress of the anode radiator owing to the isothermalization.
The anode wall should be adequately thickened in order for the heat flux reaching the heat pipes not to concentrate locally, because the heat flux tends to be localized on the anode as is described below. The thick anode wall can avoid dry-out of the heat pipes.
In the steady state, the heat load on the anode equilibrates with the heat dissipation from the anode radiator given by the Stefan-Boltzmann law. The anode radiator radius is determined so as to keep the temperature of the heat pipe less than 2,000 K which is an upper limit of the operating temperature of the liquid-metal heat pipe 12) .
Cathode
As the cathode material, thoriated tungsten will be appropriate because it possesses a high melting point and a low work function.
From a viewpoint of overall heat transfer within the cathode toward the root, the cathode radius should be adequately large to avoid excessive heat flux, but from a viewpoint of thrust performance, it should be small to enhance the electromagnetic thrust as can be seen from the equation (1) . That is, there exists a design trade-off between the overall heat transfer capability and the thrust performance. Therefore, it is important to optimize the cathode radius.
The cathode also experiences high heat flux as with the anode. Thus, the utilization of heat pipes is also supposed. The dimension of the cathode radiator is to be determined based on the Stefan-Boltzmann law as with the anode radiator.
Model and Method of Numerical Simulation
A steady-state operation of the MPD thruster is simulated with a combination of magnetohydrodynamic (MHD) and thermal analysis. Firstly the MHD analysis simulates the plasma flow, and evaluates the thrust performance and computes wall heat fluxes with considerations to the electrode phenomena. Subsequently, the thermal analysis simulates the temperature distribution of the thruster head suffering from the heat load obtained by the MHD analysis.
MHD analysis of plasma flow
The steady-state plasma flows are simulated by conducting MHD flow analysis 13) for the hydrogen propellant. An analysis code solves the MHD equations with the following effects: non-equilibrium reactions (molecule, atom, monovalent ion and electron are considered as particle species), thermal non-equilibrium (among heavy-particle translational energy, molecular vibrational energy and electron energy), the Hall effect, viscosity, thermal conduction and ion slip. Fair agreement between numerical analysis results and experimental results has been confirmed 14) . Basic equations are as follows: conservation equations of total mass 
Here, for the current density and the pressure, the following relations are assumed: Ampère's law 
The equations (2) - (8) 
Electrode phenomena
Phenomena near the electrodes, attributed to the existence of very thin electrode sheath, act important roles in the operation of the MPD thruster. Thus, this paper takes into account electrode phenomena such as a sheath impedance and a heat transfer through the sheath, by simplified models based on experimental suggestions.
The sheath impedance is considered by assuming constant sheath voltages. Based on past experimental measurements 16, 17) , the sheath voltages are set to 5 V and 40 V at the anode and the cathode respectively, where electron sheath is assumed on the anode. For the performance evaluation, the sheath voltages are added into the bulk discharge voltages obtained by MHD analysis, and involved in the following models of wall heat flux on the electrodes.
Heat transfer from the plasma to the anode is evaluated by the equation below The electron temperature is obtained by the MHD analysis. The work function of tungsten is 4.5 V. The influence of convection is assumed to be 2 V empirically. The heat transfer from the plasma to the cathode is evaluated by the following equation, based on an experiment conducted by Hügel et al 19) . c c c j c q (17) In the experiment, a coefficient of heat load decreased from 2 W/A to 0.7 W/A with the increase in the discharge current from 400 A to 1 kA. Thus, in this paper, the coefficient of heat load is set to the lower limit (c c is set to 0.7 W/A) because this study supposes the discharge current of 6 kA. This coefficient implicitly includes the influence of the cathode sheath voltage and the convective heat transfer from the plasma.
Thermal analysis of thruster head
Steady-state temperature distribution of the thruster head is simulated by the general-purpose finite element method solver MSC. Nastran 20) . The thermal analysis assumes the conditions described below.
The dependencies of thermal properties (thermal conductivity and emissivity) on temperature 21) are considered. The heat fluxes obtained by the MHD analysis of plasma flow are applied on the surface of the electrodes as heat load boundary conditions. Radiation boundary conditions are applied on the boundaries exposed to deep space (3 K), i.e. the inner surface of the flared part of the anode, the outer surface of the anode, the surface of the conical part of the cathode tip, the outer surface of the insulator and downstream surface of the anode radiator. In particular, on the downstream surface of the anode radiator, its emissivity is set to 0.6, under the assumption of a radiation-facilitating coat on the radiator's surface.
For the sake of simplicity, the anode heat pipe is treated as a highly conductive solid to simulate its function, avoiding the rigorous treatment of physical processes within the heat pipe (vapor flow and phase change). Thus, the effective thermal conductivity of the highly conductive solid is set to 53000 W/m-K under the assumption that the total thermal resistance of the highly conductive solid is equal to that of the supposed heat pipe 22) (sum of heat resistances between the outer wall and the inner vapor at the evaporation part and the condensation part). It should be noted that the thermal conductivity used in this analysis is the azimuthally-averaged value because several heat pipes are to be radially arranged in an actual radiator.
The operation of the cathode heat pipes is simulated by the more simplified way. That is, under the assumption that the heat pipes removes heat from the cathode, a temperature boundary condition is applied on the cathode lateral surface contacting with the cathode heat pipes (see Fig.2 ), referred as a cathode root temperature. The cathode root temperature is set to 300, 600 or 800 K to identify its influence on thruster temperature.
Above-mentioned boundary conditions of thermal analysis are summarized in Table. 1.
Analysis conditions and thruster dimensions
Analysis conditions are listed in Table 2 . The discharge current and the propellant mass flow rate are set to 6 kA and 0.4 g/s respectively, as will be shown later.
Thruster dimensions are determined with consideration to the matters described in section 2, as is shown in Table 3 . The cathode radius is changed to survey parametrically its influence on the thrust performance and the thruster temperature distribution, because the radius ratio is a key parameter as is seen from the Maecker formula. Figure 3 shows the radius ratio dependency of thrust. The increase in the radius ratio (i.e., decrease in the cathode radius) enhances both the gas-dynamic thrust and the electromagnetic thrust. The gas-dynamic thrust is increased owing to the enhancement of Joule heating. That is, the decrease in the cathode radius leads to the elongation of the discharge current path and consequently the increase in the discharge voltage, because the electrode distance is increased and the Hall effect is enhanced (this will be described later). As for the enhancement of the electromagnetic thrust, it is predicted by the Maecker formula. Figure 4 shows the radius ratio dependency of the specific impulse and the thrust efficiency. The specific impulse and the thrust efficiency improve with the increase in the radius ratio, as similarly to the thrust. Figure 5 shows the cathode radius dependency of discharge current path and Hall parameter. The cathode radius also affects the discharge current path. That is, in the case of thin cathode (small cathode radius), the discharge current path expand downstream and are elongated, compared to the case of thick cathode (large cathode radius). In particular, the discharge current path shifts toward the downstream region on the anode and concentrates on the anode exit edge with the decrease in the cathode radius. This behavior of the current path is attributed to the Hall effect. As is also shown in Fig. 5 , in the case of thin cathode, Hall parameter is greater than that in the case of thick cathode. There are two reasons why Hall parameter rises in the case of thin cathode. One is that the magnetic field is reinforced in the vicinity of the cathode (r ~ -10 to -20 mm, z ~ 0 to 30 mm). The other is that a static pressure is lowered in the vicinity of the anode exit edge (r ~ -30 to -60 mm, z ~ 70 to 170 mm). This lowering of static pressure for the case of thin cathode is caused by the fact that the propellant is much accelerated by the blowing force and the pressure gradient, and the propellant is also pinched more strongly on the thruster axis by the enhanced pumping force. Figure 6 shows the cathode radius dependency of wall heat flux on the anode (a) and the cathode (b), where the heat fluxe is evaluated discretely on the electrodes and the evaluation point is not assigned at the edges of the electrodes, e.g. cathode tip (z = 30 mm), attributed to the discretization procedure (finite volume method). As for the anode, the wall heat flux concentrates on the exit edge (z ~ 120 mm) and anode middle part (z ~ 10 to 30 mm) regardless of the cathode radius. With the decrease in the cathode radius, the wall heat flux decreases wholly except in the vicinity of the anode exit edge where wall heat flux rises markedly. This is because the thinner cathode causes the shift of the current distribution toward the downstream region. As for the cathode, the wall heat flux increases with the decrease in the cathode radius (surface area). Figure 7 shows the input power and the total heat load for each electrode. With the increase in radius ratio, the input power increases. This is attributed to rise in the discharge voltage due to the expansion and the elongation of the discharge current path. For larger radius ratio, the total heat load on the anode also increases slightly owing to the rise in electron temperature near the anode which results from higher Joule heating associated with the expansion and the elongation of the discharge current path. Figure 8 shows a typical steady-state temperature distribution of the thruster head for the cathode radius of 10 mm. The notable temperature increase was seen at the anode exit edge, the anode middle part and the cathode tip commonly regardless of the cathode radius. Temperature rise at the anode exit edge and the anode middle part is due to the concentration of the heat load (cf. Fig. 6 (a) ). The temperature rise at the cathode tip can be explained by two reasons: one is that the heat flow is toward the root within the cathode because the heat is mainly removed from the root, and the other is that the cathode tip is tapered off for the sake of stable arc attachment. The temperature distribution of thruster head shown here indicates that temperatures in these regions can be the limiting factors to determine thruster dimensions. That is, special attention should be paid to the temperatures of these regions to perform the thermal design, and these temperatures must not exceed any particular criteria. As to the cathode, however, the high thermionic emission ability can affect the operation of the MPD thruster advantageously, thus the operation near the criteria temperature is desired.
Analysis Results and Discussion
Thrust performance and plasma flow
Heat load on electrodes
Thermal characteristics of thruster
Temperatures in these regions change with the radius ratio and the cathode root temperature as is shown in Fig. 9 , which shows dependencies of temperatures at the anode exit edge, the anode middle part and the cathode tip on the radius ratio and the cathode root temperature. With the increase in the radius ratio, the temperature rise at the anode exit edge and the cathode tip becomes more marked while the temperature rise at the anode middle part is slightly relaxed. This behavior indicates that the increase in the radius ratio can incur thermally unfavorable situation although it leads to the improvement of thrust performance. The cathode root temperature has a significant impact on the cathode tip temperature but the impact is lessened relatively for the large radius ratio (small cathode radius). When the cathode radius is small, thermal radiation from the cathode tip becomes more effective and, thus the temperature at the cathode tip gets relatively insensitive to the cathode root temperature. In addition, the temperatures at the anode exit edge and the anode middle part are not so sensitive to the cathode root temperature because the heat load on the anode is radiated from the anode radiator. Thus, the temperatures at the anode exit edge and the anode middle part for a cathode root temperature of 300 K and 800 K are not shown in Fig. 9 , since the temperature differences from those for a cathode root temperature of 600 K are small (< 110 K at most).
For a long life operation of the thruster, the temperature of the anode (made of tungsten) should not exceed its melting . Under the assumptions and thermal constraints in this paper, the upper limits of estimated thrust performances are as follows. When the cathode root temperature is set to 300 K, a thrust, a specific impulse and thrust efficiency are predicted to be 16 N, 4200 s and 41% respectively; to 600 K, 16 N, 4000 s and 39%; and to 800 K, 15 N, 3900 s and 38%. Here, each value is estimated by first order-interpolation between analysis cases. The achievable performance depends on the cathode root temperature.
Conclusions
For a 500-to-900-kWe-class radiation-cooled steady-state self-field MPD thruster using hydrogen propellant, the thrust performance and the thruster temperature distribution have been investigated through performing sequential simulations of plasma flow field and thruster temperature field. As a result, the following conclusions have been obtained.
(1) A thruster without electrode melting can be realized by setting appropriate cathode radius and removing the heat from the electrodes with the aid of liquid metal heat pipes. (2) Achievable thrust performance under the thermal constraints depends on the assumption of the cathode root temperature. For example, in the case where the cathode root temperature is set to 300 K, a thrust of 16 N, specific impulse of 4200 s and thrust efficiency of 41% have been predicted to be achievable. (3) Although the increase in anode-to-cathode radius ratio improves thrust performance, it simultaneously leads to narrowing of the design margin due to the rise in electrode temperature. (4) Thruster temperature rises particularly at the anode exit edge, the anode middle part and the cathode tip. Therefore the temperatures in these regions can be the limiting factors of the thruster design. As a future work, the models of MHD fluid phenomena, electrode phenomena and thermal phenomena have to be validated and refined through experiments, and those models have to be coupled and analyzed self-consistently to improve a performance prediction and thermal design of MPD thruster.
